Abstract: In this work, the geometry and material constraint effects on creep crack growth (CCG) and behavior in welded joints were investigated. The CCG paths and rates of two kinds of specimen geometry (C(T) and M(T)) with initial cracks located at soft HAZ (heat-affected zone with lower creep strength) and different material mismatches were simulated. The effect of constraint on creep crack initiation (CCI) time was discussed. The results show that there exists interaction between geometry and material constraints in terms of their effects on CCG rate and CCI time of welded joints. Under the condition of low geometry constraint, the effect of material constraint on CCG rate and CCI time becomes more obvious. Higher material constraint can promote CCG due to the formation of higher stress triaxiality around crack tip. Higher geometry constraint can increase CCG rate and reduce CCI time of welded joints. Both geometry and material constraints should be considered in creep life assessment and design for high-temperature welded components.
Introduction
The creep failure in high-temperature components are likely to originate from welded joints [1] . This is caused by the multi-stress and strain fields ahead of crack tip or near the interface of weldment constituents due to the mismatch in creep deformation properties among base metal (BM), weld metal (WM) and heat-affected zone (HAZ) [2, 3] . It has been shown that both the deformation properties of materials containing crack and surrounding materials influence the creep crack growth (CCG) behavior in welded joints [4] [5] [6] . And the type Ⅳ crack in HAZ is the most severe form of cracks due to the high creep strain of type Ⅳ region where the crack is propagating and the high constraint given from hard BM of surrounding materials [7] . A lot of results in the literature [8] [9] [10] [11] also have shown that the material constraint caused by the mismatch effect in creep properties of weldment constituents plays an important role on the CCG behavior in welded joints.
There exist some investigations on the material constraint effect on CCG behavior of welded joints. Lee et al. [12] and Han et al. [13, 14] defined a mismatch factor about creep constant and exponent of Norton's law between different materials in weldment to quantify the mismatch effect in creep properties on the distribution of steady-state stress. Tu et al. [15, 16] and Xuan et al. [17] studied the influence of material mismatch on the evaluation of the time-dependent fracture mechanics parameters C(t) and C*. There are also some numerical investigations on the mismatch effect on C* and CCG rate in welded joints [4] [5] [6] . Recently, Chen et al. [18] [19] [20] investigated the effects of material mismatch, crack position, load level and HAZ width on the CCG behavior of welded joints.
In actual high-temperature welded components, except for the material constraint, there also exists geometry constraint caused by structural geometry, crack size, loading mode and residual stress. Recently, there are some investigations on the creep geometry constraint caused by specimen geometry, crack size and loading configuration for homogenous materials [21] [22] [23] [24] [25] and welded joints [26, 27] . However, the effects of the interaction between geometry constraint and material constraint on CCG behavior in welded joints have not been investigated and understood. It is difficult to do this kind of experimental studies due to the difficulty of systematic change and control in creep properties of weldment constituents. The numerical method based on creep damage model provide suitable tool for these investigations [4] [5] [6] [18] [19] [20] .
In this paper, the finite element method (FEM) based on ductility exhaustion model was used to investigate geometry constraint and material constraint effects on CCG behavior in welded joints. The CCG paths and rates of two kinds of specimen geometry (C(T) and M(T)) with initial cracks located at soft HAZ (with lower creep strength) and different material mismatches were simulated, and the results were explained by crack-tip stress state. The effect of constraint on CCI time in welded joints and the creep life assessment and design for high-temperature welded components with geometry and material constraints were also discussed.
Finite element models and numerical procedures Finite element models
In order to investigate geometry and material constraint effects on CCG behavior in welded joints, two types of specimen geometry (the compact tension (C(T)) and middle crack tension (M(T)) specimen) with different material mismatches (material constraint) were used for the finite element (FE) analyses with ABAQUS code [28] . The C(T) specimen with bend-dominated loading usually has the highest geometry constraint, and the M(T) specimen with tension-dominated loading usually has the lowest geometry constraint. The welded joint C(T) and M(T) specimens consist of three materials, i. e. BM, WM and HAZ, and their geometry dimensions are shown in Figure 1 . The width W of the C(T) and M(T) specimen is 50.8 mm and the initial crack length is a/W = 0.52, which is corresponding to those of experiments in Ref. [3] . The width of the WM and HAZ is 20 and 2.4 mm [3] , respectively. A sharp crack tip with 0.009°angle was used to represent the fatigue pre-crack located in the middle of HAZ. For C(T) specimen, the load was applied on the center of the upper hole using a reference point which was tied to the internal hole surface that represents the bolt in the experiments. The center of the upper hole was constrained in X-direction, and the center of the lower hole was constrained in X-and Y-directions. For M(T) specimen, using two reference points that are tied to the top and bottom surfaces of the specimen represents the clamping device. The top reference point was constrained in X-direction, and the bottom reference point was constrained in X-and Y-directions. The four-node plane strain element (CPE4) was used for all FE models. The mesh dependency investigations in the CCG simulations have been carried out by Yatomi et al. [29] and Oh et al. [30] for the mesh size from 50 to 250 μm. The results show that the creep crack initiation (CCI) time decreases with decreasing mesh size due to the increased crack-tip stress and strain, and the CCG rate was not sensitive to mesh size. So, the fine meshes with size of 50 μm × 50 μm were used ahead of crack tip and near the interfaces of HAZ/WM and HAZ/BM. The whole model meshes for the C(T) and M(T) specimens are shown in Figure 2 (a) and 2(b), respectively, and the local mesh around initial crack tip is shown in Figure 2 (c).
Materials and configurations of mismatch in creep properties
The ASME grade P92 steel was chosen for BM. The elastic-plastic-creep material model was used in FE calculations. The elastic modulus E and yield stress σ y of the BM at 650℃ is 85 GPa and 126 MPa, respectively [31] . The characteristic of work hardening for plastic deformation is taken from Ref. [1] and is approximated by eq. (1): , α = 0.105), and ε p is true plastic strain.
The material constraint effect is usually caused by the material mismatch in creep properties. To investigate material constraint effect on CCG behavior in welded joints, the material mismatch in creep properties requires to be changed, and the elastic modulus and plastic deformation characteristics for WM and HAZ are assumed to be the same as those of BM. The Norton's law was taken as creep constitutive equation for the three materials as follows:
where A b , A w and A HAZ are creep constants, and n b ,n w and n HAZ are creep stress exponents for BM, WM and HAZ, respectively. The Norton's parameters (A b = 3.77E-19 MPa -n h −1 , n b = 6.71) for the ASME grade P92 BM at 650 ℃ were used, and they were taken from Ref. [31] .
To examine material constraint effect on CCG behavior in welded joints, different configurations of mismatch in creep strain rates of WM, HAZ and BM should be designed. For WM and HAZ, the material properties were given that the minimum creep strain rate was higher or lower than that of BM by varying the constant A and keeping the exponent n W = n HAZ = n b = 6.71. The mismatch factors of MF W and MF HAZ shown in eq. (3) were given to represent the mismatch effect in creep properties relative to BM for WM and HAZ, respectively. Thus, three cases of MF > 1, MF = 1 and MF < 1 refer to creep soft material, creep match and creep hard material, respectively. This type of design of configurations of mismatch in creep properties was widely used in the literature [4] [5] [6] [18] [19] [20] :
For investigating material constraint effect on CCG behavior, the MF W and MF HAZ are assumed as 10, 0.1 and 1, respectively, which means that the minimum creep strain rate is 10 times larger or smaller and the same relative to BM both for WM and HAZ at the same value of uniaxial tension stress. Thereby, for creep soft or creep hard materials and matched materials, the value of A is 3.77E-18
respectively. Because the HAZ is usually creep soft material, three material mismatches of (CT-1, MT-1), (CT-2, MT-2) and (CT-3, MT-3) with soft HAZ and hard, match and soft WM are designed for the two specimen geometries, as shown in Table 1 . The initial cracks are located at the center of the soft HAZ. The CCG path and rate were simulated and calculated for C(T) and M(T) specimens under the same initial stress intensity factor K in = 7MPa. ffiffiffiffi m p .
Creep damage model and crack growth simulation
The creep damage model is based on the ductility exhaustion approach to simulate the CCG [29] [30] [31] [32] . The rate of damage _ ω was defined by the ratio of creep strain rate _ ε c and multiaxial creep ductility ε * f , as follows:
And the total damage at any instant is the integration of the damage rate in eq. (4) up to that time:
where _ ω is the creep damage rate, _ ε c and ε * f is the equivalent creep strain rate and multiaxial creep ductility, respectively. The value of ω is between 0 and 1. When the accumulated creep damage calculated from eq. (5) reaches 1, local failure occurs and progressive cracking is simulated. Thus, load-carrying capacity of the point is reduced to near zero by reducing the elastic modulus to a very small value (1 MPa in this work). The ABAQUS user subroutine USDFLD was employed to embody this failure simulation technique, and it has been widely used in the recent literature [18-20, 30, 32] .
The Cocks and Ashby model [33] was used for describing the relationship between multiaxial and uniaxial creep ductilities through stress triaxiality (the ratio of the mean normal stress and equivalent stress), as shown in eq. (6):
where ε * f and ε f denote the multiaxial and uniaxial creep ductilities, respectively, and n is the creep exponent. For investigating the material mismatch effect and facilitating the interpretation of results, the ε f values of the three materials were assumed to be the same, and it was taken to be 0.16 [34] .
The crack growth length was calculated by the number of damaged regular elements. For M(T) and C(T) specimens, the C* was calculated by following the ASTM 1457-07 [35] , and the equations are as follows:
For M(T) specimen:
For C(T) specimen:
where W is the specimen width, a is the crack length, P is the load, B n is the net thickness, dδ=dt is the load line displacement rate and n is the creep exponent in Norton's law.
In the previous work of authors [36, 37] , the CCG simulation technique was used to simulate the CCG rate of a Cr-Mo-V steel, and the simulation result is consistent with experimental data. In the simulations of CCG in P92 steel-welded joint with different crack positions [19] , the crack growth paths simulated are also consistent with experimental ones. These results show that the CCG simulation technique used in this work may be reliable.
Numerical simulation results and discussion
Crack-tip damage and CCG paths Figure 3 shows the final damage contours for CCG of the M(T) and C(T) specimens with material mismatches 1 and 2. The SDV1 represents the damage variable, ICT is the initial crack tip and the CCT represents the current crack tip. It can be seen that the damage zone around the crack tip is approximately symmetric and mainly concentrated on the soft HAZ. The CCG paths are straight along the initial crack plane for the two types of specimens and mismatches. The final damage contours and crack growth paths of the material mismatch 3 are Figure 3 . These results imply that when the initial cracks are located in the soft HAZ, the geometry and material constraints almost have no effects on the crack-tip damage zone and CCG paths. The experimental observation result [1, 3, 8] of P92 welded joint with starter notch in the middle of HAZ that developed as a type Ⅳ crack in the soft zone of HAZ is essentially consistent with the simulation results above. The ductility exhaustion model in eqs (4)- (6) shows that both the accumulated creep strain at a period of time and stress triaxiality determine the creep damage. The previous studies of authors [18] [19] [20] have shown that when the initial cracks are located in the soft HAZ, the higher creep strain and stress triaxiality always occur ahead of crack tip in the soft HAZ during the whole crack growth process regardless of the surrounding hard or soft materials. This may be the reason that the crack-tip damage zone and straight CCG path occur in the soft HAZ.
Geometry and material constraint effects on CCG rate and CCI time Figure 4 shows the simulated da/dt -C* curves for the C(T) specimens with different material mismatches. For comparison, the experimental data [38] from the P92 welded joint with the same specimen geometry, crack position (HAZ) and test temperature as the simulations in this work were included in Figure 4 . It can be seen that the experimental load level C* is higher than that of the simulations, and the simulation long-term CCG rate is located in the low C* region extrapolated from the experimental short-term CCG data band. This implies that the simulation CCG rate may be reliable, and the long-term CCG rate in the low C* region which is relative to the lower load level in actual components may be obtained by the simulations. Figure 5 shows the da/dt -C* curves for the M(T) and C(T) specimens with different material mismatches (material constraints). It can be seen that for the same material mismatches, the CCG rate of C(T) specimen with high constraint is higher than that of M(T) specimen. This result is consistent with the experimental data in the literature [39] [40] [41] and the simulation result [42] . It is also interesting to see that the CCG rate of the low constraint M(T) specimen is more sensitive to material mismatch than that of the high constraint C(T) specimen. The material mismatch MT-1 with hard WM has the highest CCG rate, and the material mismatch MT-3 with soft WM has the lowest CCG rate. With increasing load level C*, the effect of material mismatch on CCG rate of M(T) specimen seems to decrease. The material mismatch almost has no effect on the CCG rate of high constraint C(T) specimen. These results imply that there exists interaction between geometry and material constraints in terms of their effects on CCG rate. Under the condition of low geometry constraint, the effect of material constraint on CCG rate becomes more obvious.
The geometry constraint and material mismatch effects on CCG rate may be explained by the change of crack-tip stress states. From the ductility exhaustion damage model in eqs (4)- (6), it is known that both the accumulated equivalent creep strain at a period of time and stress triaxiality determine the creep damage. The accumulated equivalent creep strain ahead of a crack depends on equivalent creep strain rate which is determined by the equivalent stress, and the creep ductility depends on stress triaxiality (eq. (6)). Therefore, the equivalent stress and stress triaxiality in crack-tip damage zone determine creep damage rate and CCG rate. Higher equivalent stress and stress triaxiality will cause higher creep damage rate and CCG rate. Figure 6 shows the distributions of stress triaxiality and equivalent stress ahead of crack tip at a typical C* value (C* = 3 × 10 −4 MPa mm h-1 ) for M(T) and C(T) specimens with different material mismatches. It can be seen that for the same material mismatch, the stress triaxiality of C(T) specimen is significantly higher than that of M(T) specimen (Figure 6(a) ), and the equivalent stress at cracktip region of C(T) specimen is also higher than that of M (T) specimen ( Figure 6(b) ). This is the reason that the CCG rate of C(T) specimen is higher than that of M(T) specimen ( Figure 5 ). Figure 6 (a) also shows that the material mismatch has obvious effect on the stress triaxiality of M (T) specimen, and almost has no effect on that of C(T) specimen. The material mismatch MT-1 (Table 1) with hard WM has the highest stress triaxiality, and the material mismatch MT-3 with soft WM has the lowest stress triaxiality (Figure 6(a) ). Figure 6 (b) shows that the material mismatch has small effect on the crack-tip equivalent stress of M(T) specimen, but it almost has no effect on that of C(T) specimen. Therefore, the different CCG rates of M(T) specimen with different material mismatches in crack is regardless of the constraint given from surrounding materials (material constraint). But for low-constraint M(T) specimen with soft HAZ containing the crack, the CCG rate is related to the constraint given from surrounding materials. The higher constraint given from surrounding hard WM can promote CCG due to the formation of higher stress triaxiality around the crack tip. The increase in crack-tip geometry constraint may lead to the decrease in material constraint effect. The time when a crack length reaches to 0.2 mm is generally defined as crack initiation time t 0.2 [35] . Figure 7 gives the relation between t 0.2 and C* for the C(T) and M (T) specimens at the same initial stress intensity factor K in = 7 MPa. ffiffiffiffi m p . It can be seen that with decreasing the creep strength of the surrounding material (from (CT-1, MT-1) to (CT-3, MT-3)), the C* value increases and t 0.2 decreases. The t 0.2 of M(T) specimen is more sensitive to the material constraint. The t 0.2 -C* trend line of the C(T) specimen is located at the left side of the trend line of the M(T) specimen. Thus, it can be inferred that at the same C* the t 0.2 of the high-constraint C(T) specimen will be lower than that of the low-constraint M(T) specimen. This means that high geometry constraint can reduce CCI time. This result is consistent with that of homogenous materials [43] .
Creep life assessment and design for welded joints Figures 5 and 7 show that both geometry and material constraints have effects on CCG rate and CCI time. If the CCG rate and CCI time data of standard C(T) specimen with high constraint is used in creep life assessment and design for welded components with low-constraint surface defects which usually occur in pressured pipes or vessels, the results will be clearly excessively conservative. Thus, the geometry constraint effect should be incorporated in creep life assessment and design for hightemperature welded components. In addition, for lower geometry constraint defects in soft HAZ and lower load levels relative to actual high-temperature welded components, the material constraint effect on the CCG rate and CCI time is obvious, thus it should also be considered in life assessment and design for the high-temperature welded components.
The result in Figure 5 also implies that a proper mismatch design between weldment constituents may improve CCG properties of welded joints (decreasing CCG rate and prolonging the rupture life). For the HAZ crack with lower creep strength (soft HAZ), the CCG rate can be decreased by reducing creep strength of WM (a proper mismatch design and welding process).
Conclusions
FEM based on ductility exhaustion model was used to investigate specimen geometry and material mismatch effects on CCG behavior in welded joints. The CCG paths and rates of two kinds of specimen geometry (C(T) and M(T)) with initial cracks located at soft HAZ (with lower creep strength) and different material mismatches have been simulated. The effect of constraint on CCI time in welded joints was also discussed. The main results obtained are as follows: (1) When the initial cracks are located in the soft HAZ, the crack-tip damage zone mainly concentrates on the HAZ and the CCG paths are straight along the initial crack plane. The geometry constraint and material constraint almost have no effects on the crack-tip damage zone and CCG paths. (2) There exists interaction between geometry and material constraints in terms of their effects on CCG rate and CCI time of welded joints. Under the condition of low geometry constraint, the effects of material constraint on CCG rate and CCI time become more obvious. (3) For the M(T) specimen with low geometry constraint, the higher constraint given from surrounding hard WM (higher material constraint) can promote CCG due to the formation of higher stress triaxiality around crack tip. The relations between t 0.2 and C* for C(T) and M(T) specimens at the same initial stress intensity factor K in = 7 MPa. ffiffiffiffi m p .
(4) At the same initial stress intensity factor, with decreasing the creep strength of the surrounding material, the C* value increases and CCI time t 0.2 decreases. Higher geometry constraint can increase CCG rate and reduce CCI time of welded joints. (5) Both geometry and material constraints should be considered in creep life assessment and design for high-temperature welded components. The CCG rate in soft HAZ may be decreased by reducing creep strength of WM (a proper mismatch design and welding process).
